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Abstract
Gas-liquid-liquid flow in microreactors holds great potential towards process intensification of operation in multiphase systems,
particularly by a precise control over the three-phase contact patterns and the associated mass transfer enhancement. This work
reviews the manipulation of gas-liquid-liquid three-phase flow in microreactors for carrying out efficient reaction processes,
including gas-liquid-liquid reactions with catalysts residing in either liquid phase, coupling of a gas-liquid reaction with the
liquid-liquid extraction, inert gas assisted liquid-liquid reactions and particle synthesis under three-phase flow. Microreactors are
shown to be able to provide well-defined flow patterns and enhanced gas-liquid/liquid-liquid mass transfer rates towards the
optimized system performance. The interplay between hydrodynamics and mass transfer, as well as its influence on the overall
microreactor system performance is discussed. Meanwhile, future perspectives regarding the scale-up of gas-liquid-liquid
microreactors in order to meet the industrial needs and their potential applications especially in biobased chemicals and fuels
synthesis are further addressed.
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Introduction
Gas-liquid-liquid systems play an important role in both in-
dustries and research frontiers within the scope of chemical
conversion. For example, many reactions involving gas-
liquid-liquid three-phase systems have been processed at the
industrial scale, such as triphasic catalysis [1, 2] (including
among others hydrogenation [3, 4], hydroformylation [5, 6]
and carbonylation [7]) where gas phase reacts with one liquid
phase over the catalyst residing in the other liquid phase. The
operation of these reactions in conventional reactors (e.g.,
bubble column reactors and stirred tank reactors) often suffers
from the insufficient mass/heat transfer and a poor control
over the contact patterns between reactive phases, leading to
typically low reaction conversions and the unsatisfactory sys-
tem reproducibility as well as an unreliable system perfor-
mance prediction. In this respect, an advanced reactor tech-
nology with fast transfer rates and sufficient phase contacts is
preferred towards process optimization.
Microreactors have long been acknowledged as an attrac-
tive alternative for process intensification and reaction/
kinetics study [8–10]. This operation platform is composed
of small tubes or channels with typical lateral dimensions
within ca. 1 mm, but this dimension could be extended rea-
sonably to a few millimeters as long as the benefits due to
miniaturization is kept [11]. Fluids delivered into the
microreactor are commonly mixed and subsequently dis-
persed into the reaction microchannel via micromixers (e.g.,
based on a T- [12–14], Y- [15, 16] or cross-junction [17–19],
or flow-focusing geometry [16, 20]) or membranes [21, 22].
Due to the laminar flow nature and the dominance of interface
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tension in well-defined microreactor geometries [23], regular
multiphase flow patterns (e.g., with the presence of well-
defined bubbles or droplets) are easily generated. Along with
the reduction of the lateral dimension to typically sub-
millimeter range, substantial mass and heat transfer enhance-
ment is attainable in microreactors. Thus, continuous flow
microreactors are expected to improve the reaction conversion
especially in multiphase systems, the performance of which
tends to be usually confined by either the mass transfer limi-
tation between phases or the poor process control (e.g., in
temperature and phase contact pattern). Meanwhile,
microreactors allow a fast scale-up by a simple replication of
the basic reaction units while maintaining the optimized per-
formance previously achieved in a single microreactor, pro-
vided that the fluid distribution and collection are properly
addressed [24–26]. This feature shortens the lead time of using
microreactor technology for manufacturing a certain product,
and especially makes microreactors favorable for the modular
and flexible production of value-added and market-oriented
products (e.g., pharmaceuticals) the demand of which may
vary depending on the seasons and regions etc. [27].
Besides, microreactors are good candidates for reaction and
kinetics study [8–10], primarily due to the precise process
control and substantial transport intensification therein. In ad-
dition, liquid-phase reactions could be confined in separate
droplets in microreactors (e.g., if using inert gas bubbles as
spacers in between) and thus the corresponding reactive con-
ditions (e.g., catalyst/substrate concentrations and residence
times) can be easily altered and tested in a fast fashion [28].
Gas-liquid-liquid operation in microreactors has received
increasing research attention over recent years with promising
results being obtained in the targeted applications in among
others three-phase reactions [11, 29–34], gas-liquid reaction
coupled with in-situ extraction [21], inert gas assisted liquid-
liquid reaction study [32, 35, 36] and multistep synthesis (e.g.,
for making nanoparticles) [19, 37, 38]. As previously men-
tioned, gas-liquid-liquid reaction requires a fine control over
the three-phase contact pattern and the associated mass trans-
fer property for obtaining a favorable performance. A switch
to continuous flow microreactor operation largely facilitates
this, e.g., by creating a uniform bubble and droplet dispersion
in another continuous liquid phase and by enhancing mass
transfer (e.g., the overall volumetric gas-liquid/liquid-liquid
mass transfer rates were reported to be at least 1 or 2 orders
of magnitude higher than those in conventional batch and flow
reactors, primarily due to the much increased interfacial area
therein) [11, 29, 30, 36, 39–42]. The substantial mass transfer
enhancement in gas-liquid-liquid microreactors can lead to
higher reaction conversions within a shorter residence time,
and probably also a higher selectivity of the target product in
case of multiple reactions (e.g., via a fine tuning of the
narrowed residence time). Moreover, the coupling between a
gas-liquid (catalytic) reaction with an in-situ extraction of the
formed target product into the other liquid phase can be per-
formed efficiently under gas-liquid-liquid flow in
microreactors which facilitates the creation of a good gas-
liquid and liquid-liquid contact, thereby improving the effi-
ciency of both the reaction and extraction processes [21].
This coupling has the advantages of improving the target
product yield (e.g., due to the equilibrium reaction shift to
the product side or the suppression of the product degradation
in the reactive liquid phase) or simplifying the process workup
(e.g., due to the process integration in one flow). Another
promising case is in the inert gas assisted liquid-liquid reaction
study in microreactors, where the presence of an inert gas
(e.g., as discrete bubbles) into an otherwise liquid-liquid flow
in microreactors largely increases the extraction and/or reac-
tion efficiency therein [36, 39, 43], which can lead to a re-
duced reaction time or solvent use. The synthesis of nanopar-
ticles can also benefit from three-phase flow processing in
microreactors. For instance, when it involves a gas-liquid re-
action, an inert carrier fluid flow can be present in
microreactors in order to lubricate the droplets where nano-
particles are formed and thus to mitigate the deposition of
nanoparticles on the channel wall [44]. When subsequent in-
jections of homogeneous precursors are involved, additional
gas bubbles (besides the carrier fluid) can be present in
microreactors to enable an accurate mixing of precursors with-
in a single droplet to assure the proper reaction degree [37,
38]. Thus, complex particle synthesis procedures or solid pre-
cipitation processes can be well handled using gas-liquid-
liquid operation in microreactors.
Understanding into transport characteristics within gas-
liquid-liquid flow in microreactors is of vital importance for
the design, operation and optimization of such microreactor
systems for their promising applications in the above-
mentioned fields. Compared with the extensive gas-liquid
and liquid-liquid two-phase flow studies in microreactors
[23, 45–48], limited research has been paid to the case of
gas-liquid-liquid microflow [11, 12, 19, 29]. A considerable
fraction of the literature work in the latter case was focused on
hydrodynamics therein [13, 14, 17, 18, 49, 50], and few on the
investigation of mass transfer property [12, 14] and the pre-
liminary exploration of the potential applications [21, 29, 30,
38]. Fig. 1 shows the representative gas-liquid-liquid flow
patterns studied in microreactors so far, including three-
phase slug flow where gas bubbles and/or liquid droplets are
dispersed in the continuous phase (Figs. 1a and b), parallel-
slug flow where two immiscible liquid phases flow in parallel
with gas bubbles residing in either of them (Fig. 1c), churn
flow where both bubbles and droplets fail to maintain stable
shapes (Fig. 1d), and annular flow where a continuous gas
core is surrounded by one continuous liquid phase that con-
tains tiny droplets (Fig. 1e). The parallel-slug flow pattern
requires a matching between the flow rates of both liquid
phases in order to form a parallel flow configuration and
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seems to be only reported in the microfluidic chip based on the
borosilicate glass [17]. In the churn flow and annular flow, a
relatively large gas flow rate is usually needed since the gas-
eous void fraction is very high [39]. Furthermore, fluctuating
interfaces are present and the (gas-liquid and liquid-liquid)
interfacial areas between phases are difficult to well determine
and control, which makes these flow patterns less ideal to be
applied in reaction processes. In contrast, the three-phase slug
flow pattern has been commonly utilized for various
microreactor applications [21, 29, 30, 36, 38, 51], which could
be easily generated under a wide range of operating conditions
apart from its well-defined flow giving possibilities for a fine
tuning of the transport/reaction property as well as its perfor-
mance interpretation. Herein, the dispersed phase could be
either the discrete bubbles and droplets (e.g., pattern (G-W)/
O as shown in Fig. 1a; the number of bubbles and droplets in a
unit cell can vary depending on the operating conditions,
which designates different sub-regimes (i) to (iii)) [13, 14,
18, 50, 52], or double emulsions that consist of bubbles en-
capsulated in the droplet of one liquid phase (e.g., pattern
G/O/W as shown in Fig. 1b) [17]. The structure of such dis-
persion (i.e., the presence of discrete bubbles/droplets or dou-
ble emulsions) depends on the balance of the interfacial forces
among the involved phases when the viscous forces are neg-
ligible [53], as illustrated in Figs. 2a–e. Discrete bubbles/
droplets (Figs. 2b and c) are formed when the interfacial force
between the two dispersed phases (γt-r) is much larger than the
other two counterparts (i.e., the interfacial forces between the
Fig. 1 Representative gas-liquid-
liquid flow patterns in
microreactors, consisting of a and
b three-phase slug flow [17, 18]; c
parallel-slug flow [17]; d churn
flow and e annular flow [39]. In a,
discrete bubbles and droplets are
present and their number and se-
quence in a unit cell designate
different sub-regimes (i) to (iii). In
b, bubbles and droplets assemble
double-emulsion configurations
where gas bubbles are encapsu-
lated in liquid droplets
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carrier fluid and either of the dispersed phases, γc-r and γc-t).
Double emulsions (Figs. 2d-e) are generated when γt-r is rel-
atively small. Herein, one of the dispersed phases having a
larger interfacial force with the carrier fluid will be engulfed
into the other dispersed phase, implying that for gas-liquid-
liquid flow bubbles are (often) encapsulated in droplets since
it is energetically favorable [54].
Thus, the gas-liquid-liquid slug flow provides more degrees
of freedom in its manipulation according to specific reaction
needs. In addition, the exact flow patterns including the phase
dispersion could be adjusted by changing materials of
microreactors or fluids properties [53]. When a gas-liquid-
liquid reaction process is limited by the mass transfer from
the gas to the aqueous phase (e.g., with the aqueous phase
containing catalysts or having a low gas solubility), the
double-emulsion slug flow pattern with bubbles encapsulated
in aqueous droplets might be more preferable than that with
discrete bubble-droplet dispersions (Fig. 1a; with the organic
phase as the continuous carrier). In the latter case, gas has to be
transported to the aqueous phase via the organic phase, thus
increasing the mass transfer resistance. However, three-phase
slug flow with the presence of discrete bubbles and droplets
(Fig. 1a) is expected to be more useful in many applications,
since the phasic flow rate can be adjusted to realize various
sizes and amounts of bubbles and droplets located in a unit cell
in order to obtain a fine control over (gas-liquid and/or liquid-
liquid) interfacial areas and transfer distances (e.g., by
narrowing the film thickness of the continuous phase between
bubbles and droplets). When solid particles are involved (e.g.,
nanoparticle catalysts for use in hydrogenation [29, 30] or solid
formation during reaction), confining the solid in the dispersed
droplets is an effective approach to avoid channel fouling or
clogging. When droplets are vulnerable to merge, inert gas
bubbles could serve as a spacer to prevent the droplet coales-
cence in a liquid-liquid reaction. Given all the abovemerits, one
can safely conclude that gas-liquid-liquid slug flow (especially
with discrete bubbles/droplets) in microreactors holds great po-
tential for gas-liquid-liquid operations.
It is noteworthy that more general aspects on gas-liquid-
liquid flow in relation to process intensification have been
touched very recently in two reviews (e.g., on microfluidics
and emulsion preparation [19], and on intensified reactors
[55]). However, to the best of our knowledge, there is no
comprehensive review so far on summarizing the state of the
art in the manipulation of gas-liquid-liquid systems in
microreactors for carrying out efficient reaction processes.
Therefore, this review is centered around this topic, especially
focusing on the related applications (including gas-liquid-
liquid reaction, reaction-extraction coupling, inert gas assisted
liquid-liquid reactions and particle synthesis under three-
phase flow). The role of transport characteristics (gas-liquid-
liquid hydrodynamics and mass transfer) therein is further
addressed for a better understanding of the system perfor-
mance. The future perspectives of such gas-liquid-liquid
microreactor systems regarding the scale-up to meet the in-
dustrial needs and their potential applications particularly in
biobased chemicals and fuels synthesis are highlighted.
Applications of gas-liquid-liquid microreactors
The state of the art of gas-liquid-liquid microreactors is divid-
ed based on mainly four different application categories: i)
gas-liquid-liquid reactions; ii) reaction-extraction coupling;
iii) inert gas assisted liquid-liquid reactions and iv) particle
synthesis. For each category, the three-phase hydrodynamics,
mass transfer and their interaction with the reaction perfor-
mance are discussed.
Gas-liquid-liquid reactions
In gas-liquid-liquid systems with three reactive phases (i.e.,
triphasic reactions), such as hydrogenation, hydroformylation
Fig. 2 Interfacial force (γ) dominated dispersion structures. a The
hypothetical starting point where two dispersed phases (i.e., r and t)
completely contact each other in the carrier fluid (phase c). This status
may develop into b and c discrete bubbles/droplets or d and e double
emulsions according to the balance among interfacial forces. The figure is
adopted from the work of Chen et al. [53]
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and carbonylation, catalysts usually reside in either of the two
liquid phases [11, 30]. Reactions may take place at the liquid-
liquid interface, gas-liquid interface or within the continuous
liquid bulk [2], depending on the solubilities and mass transfer
rates of different reactive species in the involved fluids.
Despite the fact that these gas-liquid-liquid reactions are of
great importance in the field of chemical synthesis, few re-
searches have been done in the past decades. This is because
that the reaction performance in conventional reactors is usu-
ally subjected to the limited mass transfer rates and the mal-
distribution of phases, rendering unsatisfactory selectivity and
yield [55]. Microreactors, primarily owing to their enhanced
mass transfer and uniform three-phase flow patterns, open a
new avenue for process intensification and reaction/kinetic
studies, especially for fast gas-liquid-liquid reactions such as
hydrogenation and hydroformylation. In these triphasic reac-
tions, both homogeneous and heterogeneous catalysts may be
involved, and the corresponding operations in gas-liquid-
liquid microreactors will be elaborated hereafter.
Homogeneous catalysis
As the first report of gas-liquid-liquid reactions operated in a
microreactor, Önal et al. [29] carried out the selective hydro-
genation of α, β-unsaturated aldehydes to unsaturated alco-
hols (which are widely used in pharmaceuticals, fragrance and
flavor chemicals [56]). The reaction was catalyzed by the
water-soluble Ru(II)-TPPTS (i.e., triphenylphosphine
trisulfonate sodium) catalyst in capillary microreactors (made
of polytetrafluoroethylene (PTFE); inner diameter: 0.50, 0.75
and 1.00 mm), under elevated hydrogen partial pressures
(1.0–2.0 MPa, mitigated by Ar) and reaction temperatures
(up to 90 °C). Determined by the hydrophobicity of the cap-
illary material, the substrates (Fig. 3a, prenal, i.e., R1 = R2 =
CH3 and citral, i.e., R1 = CH3, R2 = C6H11) were disolved in n-
hexane or toluene as the continuous phase, where catalysts
containing aqueous droplets and gas bubbles (of H2-Ar gas-
eous mixture) were alternatively dispersed via double T-
junctions at the microreactor inlet. Under the slug flow regime
with small spherical bubbles and elongated aqueous droplets
(Figs. 3b and c), the specific liquid-liquid surface area was up
to 769 m2/m3. Furthermore, the increase of the gas flow rate
within 1.4 mL/min benefited the reaction rate, since the num-
ber ratio between bubbles and droplets increased to around 1
(i.e., from the sub-regime (iii) changed to (i); cf. Fig. 1a). But a
further increase of the gas flow rate led to a slight decrease of
the reaction rate due to the insufficient liquid-liquid surface
area and short residence time. Similarly, the increase of the
aqueous (catalyst) flow rate also resulted in an increased reac-
tion rate due to the enhanced liquid-liquid mass transfer. These
results indicate that both the gas-liquid and liquid-liquid mass
transfer resistances could be potentially eliminated by opti-
mizing the flow pattern and total flow rates. Meanwhile, the
substrate conversion was highly related to the residence time,
which could be tuned through changing the length and inner
diameter of the capillary microreactor or the flow rate of
fluids. A relative low value of the activation energy at 32.3
± 1.3 kJ/mol was obtained under a nonoptimal condition,
where the reaction rate might be still controlled by mass trans-
fer rates due to the low solubility of substrates in the aqueous
phase. Accordingly, they confirmed that the mass transfer lim-
itation can be further removed by decreasing the inner diam-
eter of the capillary microreactor, i.e., creating larger specific
area and more intensive convective circulation. These results
highlight the usefulness of microreactors as an effective tool
for investigating kinetics of gas-liquid-liquid reactions, thanks
to the accurate control over the slug flow regime and intensi-
fied mass transfer through interfaces.
Heterogeneous catalysis
Yap et al. [30] investigated the hydrogenation of various sub-
strates (i.e., 1-hexene, cyclohexene, styrene, nitrobenzene and
4-nitrochlorobenzene; disolved in cyclohexane) to the corre-
sponding alkanes (which are important for fuel and lubricating
industries) in a PTFE capillary microreactor (inner diameter:
1 mm) under ambient conditions, with aqueous droplets load-
ed with Rh nanoparticles (RhNPS; 0.5 mM on the basis of Rh
atoms) as the catalyst containing phase. Given a large excess
of the gas phase (pure hydrogen; void fraction being 0.96–
0.99) adopted in their system, relatively long gas bubbles were
generated alternating with aqueous droplets (i.e., the sub-
regime (i) as shown in Fig. 1a), providing a narrow continuous
slug in between. The conversion of 1-hexene (cf. the reaction
scheme in Fig. 4a) in the microreactor was found to decrease
with the increase of the residence time (which was realized by
decreasing the gas flow rateQG) under given liquid flow rates.
This is explained by a significant widening of the continuous
organic slug (Worg in Fig. 4b), which led to larger diffusion
distances (i.e., the transfer of substrate/gas from the organic
phase/bubbles to at least the aqueous-oil interface) and thus
slower mass trasnfer rates (Fig. 4b). Though confined by the
gas mass transfer through the organic slug, comparable sub-
strate conversions and higher selectiveties towards target
products were achieved within 10–100 times smaller resi-
dence time compared to its batch counterpart. Meanwhile,
the catalyst activity (defined by moles of the converted sub-
strate per mole of Rh atoms per minute) was 10–50 times
higher than in batch under otherwise the same reaction condi-
t i o n s . F o r e x amp l e , t h e hyd r og en a t i o n o f 4 -
nitrochlorobenzene gave a conversion of 76%, a selectivity
of 89% towards 4-chloroaniline and a catalyst activity of
229 min−1 within 0.5 min in the capillary microreactor tested,
while the corresponding results in batch were respectively
80%, 20%, 2 min−1 and 60 min [30]. More importantly, the
confinement of solid nanoparticle catalysts within aqueous
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Fig. 4 Hydrogenation of various alkenes to the corresponding alkanes in gas-liquid-liquid microreactors [30]. a Reaction scheme for the hydrogenation
of 1-hexene. b Schematics (left) and photos (right) of gas-liquid-liquid slug flow under large gas void fraction conditions
Fig. 3 Selective hydrogenation of




[29]. a Reaction scheme. b
Schematic and c photo of gas-
liquid-liquid slug flow in the
PTFE capillary microreactor
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droplets, largely circumvented the clogging risk in the
microreactor. Meanwhile, the catalyst could be easily recycled
by phase separation. This work has demonstrated not only the
overall applealing performance of gas-liquid-liquid reactions
in microreactors, but also a practical method to operate solid
catalysts in microflow.
Karan and Khan [11] further tested the adaptability of the
hydrogenation operation of Yap et al. [30] in a relatively large
diameter capillary microreactor (inner diameter: 3.2 mm), in
order to increase the productivity. Under similar operating
conditions (e.g., flow pattern, gaseous sources and void frac-
tion), the hydrogenation of 1-hexene (0.8–2.4 M; in decane)
catalysed by rhodium nanoparticles immoblized in the aque-
ous phase was investigated. A shift of the apparent reaction
order from zero to first order behavior when lowering the
initial substrate concentration was observed, which was con-
sidered to be caused by the insufficient supply of 1-hexene to
the aqueous-organic interface especially under low initial con-
centrations of 1-hexene and long residence times.
Nevertheless, the overall performance in such large capillaries
(e.g., a full conversion was reached within 2 min) was still
highly intensified compared to its batch counterpart (with a
full conversion within 60 min). These results indicate that the
basic process intensification characteristics are transferable
when increasing the capillary diameter from 1 to 3.2 mm,
except for a more prominent limitation of the mass transport
of 1-hexene to the aqueous-organic interface. More important-
ly, such a single capillary (i.e., with an inner diameter of
3.2 mm) can produce up to 120 g hexane per day, which is a
dramatic improvement over the limited throughput in the
1 mm diameter capillary microreactor (being 0.8 g hexane
per day [11]).
In conclusion, it seems that the overall performance of gas-
liquid-liquid reactions tested in microreactors is still limited
by gas-liquid or liquid-liquid mass transfer, though a signifi-
cant intensification was present compared with their macro-
scale counterpart. To eliminate the mass transfer resistance,
the microreactor diameter can be further reduced, which also
leads to a lower production throughput. The hydrogenation
reactions mentioned above [11, 29, 30] occurred in the bulk
of the dispersed aqueous droplets (Fig. 4b), which makes the
whole mass transfer scenarios more complicated, especially
for the gas transfer to the aqueous bulk (i.e., subsequently
through the gas-oil interface, organic bulk, aqueous-oil inter-
face and aqueous bulk). In a most recent work, Liu et al. [12]
revealed that the film flow through the gap between bubbles
and the microchannel wall contributed significantly to the gas
transferring into the continuous phase, and an alternating
bubble/droplet sub-regime (Fig. 1a (i)) is preferred towards
mass transfer optimization. For a more in-depth understanding
into the effect of each transfer step on the overall reaction
performance, various gas-liquid-liquid (model) reactions that
take place at the gas-liquid interface (e.g., hydroformylation of
olefins and styrene, carbonylation of benzylchloride and
azadienes) and liquid-liquid interface (e.g., ozonation of meth-
yl linoleate) [2] can be investigated separately in
microreactors. More fundamentally, the effect of physical
properties of the inactive catalyst carrier fluid on mass transfer
[57, 58] and the effect of (homogeneous or heterogeneous)
catalyst distribution within droplets on the reaction perfor-
mance [35] should be studied in order to further clarify the
limiting step in mass transfer, and to provide a better guidance
towards the microreactor design and operation (e.g., choices
of the continuous phase and slug length, etc.).
Reaction-extraction coupling
The reaction-extraction coupling process, namely the integra-
tion of reaction with the in-situ liquid-liquid extraction into a
single operating unit, can enable a simultaneous separation of
the target product(s). This process integration is capable of
boosting the yield of the target product(s), e.g., by either
preventing its successive reactions or bypassing the equilibri-
um limitations, and has the economic benefits due to the sim-
plified equipment setup. Thus, this coupling process has
attracted increasing attention in recent decades [16, 59–61]
in both conventional reactors and microreactors, where in
most cases only two immiscible phases are involved (i.e.,
one reactive phase and another extractive phase). For exam-
ple, Guo et al. [16] synthesized 5-hydroxymethylfurfural
(HMF; a promising platform chemical towards manufacturing
potential biobased fuels and chemicals) from the aqueous glu-
cose solution containing AlCl3 and HCl as the combined ho-
mogeneous catalysts, and the formed HMFwas simultaneous-
ly extracted into methyl isobutyl ketone (MIBK) under liquid-
liquid slug flow operation in a capillary microreactor. This
operation gave a higher HMF yield via suppressing the suc-
cessive HMF-involved reactions (e.g., rehydration, degrada-
tion and/or polymerization). A third gas phase may be further
included in some complex situations, such as the coupling of a
gas-liquid reaction and the simultaneous liquid-liquid extrac-
tion of the target product(s). A typical example herein is the
production of hydrogen peroxide, an environmental benign
and effective oxidant that has been extensively used in various
chemical processes (e.g., bleaching and wastewater treatment)
[62].
Hydrogen peroxide is most commonly synthesized via the
anthraquinone method. The full procedure of this routine in
industry is shown in Fig. 5. The substrates, 2-ethyl-9,10-an-
t h r a q u i n o n e ( E A Q ) a n d t e t r a h y d r o 2 -
ethyltetrahydroanthraquinone (THEAQ), are first hydrogenat-
ed in the presence of Pd/Ni catalysts to the corresponding
anthrahydroquinone (i.e., EAQH2 and THEAQH2), which
are successively oxidized by oxygen or air to EAQ and
THEAQ, producing hydrogen peroxide. The working solution
is sent to the extraction section with water, producing the
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aqueous hydrogen peroxide solution to be further purified.
The gas-liquid oxidation process is more preferable to be
coupled with the liquid-liquid extraction process, due to their
close operating conditions (e.g., both applicable within 40–
70 °C). The coupling process operated in conventional reac-
tors (e.g., sieve plate column) showed that the three-phase
system did not present an appreciable impact on the gas-
liquid reaction performance [59, 60], but obviously facilitated
the extraction efficiency. This implies that the extraction effi-
ciency has a great potential to be enhanced by operating the
coupling process in microreactors. Meanwhile, the oxidation
reaction rate and the substrate conversion are also possible to
improve in microreactors, since this reaction is considered
kinetically fast compared to the gas-liquid mass transfer rate
[63, 64]. For example, in a gas-liquid two-phase membrane
(pore size: 5 μm) microreactor using pure oxygen as oxidant
without extraction coupling [21], a THEAQH2 conversion of
99.5% was achieved in 15 s, while the conventional reactor
would need tens of minutes to reach a similar conversion [65].
Tan et al. [21] investigated the coupling between the gas-
liquid oxidation and the extraction step for H2O2 production in
microreactors. In more detail, the gas phase, organic substrate
and water were first dispersed through twomembrane dispersion
modules (pore size: 5 μm) into a stainless steel capillary (inner
diameter: 2 mm) that served as the main microreactor, where
both bubbles and droplets were of very small diameters on a
magnitude of 100 μm. Two membrane dispersion modules were
adopted in their work: 1) In non-in-situ module (upper image in
Fig. 6a), the gas phase was first dispersed into the organic phase
through the first membrane, then the gas-liquid mixture was
dispersed intowater phase (which served as the continuous phase
in the main capillary microreactor) through the second mem-
brane, resulting in the presence of discrete bubbles, droplets
and double emulsions (G/O/W) in the main capillary
microreactor (upper image in Fig. 6b). Note that this flow pattern
is different from a typical three-phase slug flow (e.g., the sub-
regime (i) as shown in Fig. 1a), since the size of bubbles and
droplets here are much smaller than the capillary microreactor
diameter. 2) In in-situ module (lower image in Fig. 6a), the or-
ganic phase was dispersed into the previously formed gas-water
mixture, resulting in discrete bubbles and droplets present in the
microreactor (lower image in Fig. 6b). Both dispersion scenarios
led to higher substrate conversionswithinmuch shorter residence
times compared with the conventional counterpart. In the capil-
lary microreactor, the extraction efficiency in the coupling pro-
cess was significantly improved, in accordance with the fact that
liquid-liquid mass transfer coefficients under gas agitation can be
two folds higher than those in liquid-liquid two-phase systems
[39]. However, the substrate conversion (i.e., in the oxidation
reaction) in the microreactor did not show noticeable difference
between with and without coupling. This might be because the
gas-liquid mass transfer rate in the microreactor is already fast
enough compared to the oxidation reaction kinetics.
From the aspect of mass transport in such reaction-extraction
coupling process, the G/O/W emulsions from the non-in-situ
mode (upper image in Fig. 6b) are expected to enhance both
the gas-liquid and liquid-liquid mass transfer more than the case
with individually dispersed bubbles and droplets (lower image in
Fig. 6b), because the double emulsion structure not only enables
the direct gas-oil contact, but also largely increased the water-oil
interfacial area given a fixed oil volume. In fact, the overall
liquid-liquid mass transfer coefficients of the double emulsion
structure have been theoretically and experimentally proved to
be as much as two orders of magnitude higher than those of the
separately dispersed droplets [21, 41, 43, 66]. However, no pre-
dominant difference in the extraction efficiency was found be-
tween these two dispersion scenarios (Fig. 6b), which might be
because of a very small fraction (not determined in the current
literature) of the double emulsions in the non-in-situmode (upper
images in Fig. 6a and b). Alternatively, other flow configurations
Fig. 5 Industrial synthesis of hydrogen peroxide through the anthraquinone method. (Scheme adapted from the work of Tan et al. [65])
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under gas-liquid-liquid slug flow could be designed in the
microreactor to provide a direct gas-oil and water-oil contact,
such as separately dispersed bubbles and aqueous droplets in
the continuous organic phase ((G-W)/O in Fig. 6c) [13, 14, 50,
52] and double emulsions (G/O/W in Fig. 6c) [17]. Thus, the
sizes of all segments (bubbles, droplets and continuous slugs)
and the specific (gas-liquid or liquid-liquid) interfacial areas are
able to be precisely controlled, e.g., by tuning flow rates, mate-
rials and dimensions of microreactors, inlet micromixer types
and fluid delivering sequences [13, 18, 49, 50]. These would
allow to achieve a more predictable and/or better process
performance.
Inert gas assisted liquid-liquid reactions
The presence of inert gas bubbles in an otherwise liquid-liquid
system can largely enhance the liquid-liquid mass transfer rate
(e.g., up to several orders of magnitude higher [22, 41, 43,
Fig. 6 Reaction-extraction
coupling for H2O2 production in
gas-liquid-liquid microreactors. a
Configurations of membrane dis-
persion modules [21]. b Photos of
bubbles and droplets in the stain-
less steel capillary microreactor
[21] (left) and the corresponding
schematic view of the
microreactor cross section (right;
where red arrows refer to the
double emulsion structures in the
continuous phase). c Alternative
flow configurations in gas-liquid-
liquid slug flow in the
microreactor
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66]) via either the additional agitation that intensifies the con-
vective circulation [40] or the enlargement of the specific in-
terfacial area. It also plays an important role in helping to
maintain the regular liquid-liquid contact pattern (e.g., by
preventing the droplet coalescence), which is crucial for the
system performance reproducibility and interpretation as well
as kinetic studies [29]. Thus, the addition of an inert gas can
enhance the liquid-liquid reaction performance that is usually
limited by the interfacial mass transfer if the reaction kinetics
are fast enough, and has potential to be applied in
microreactors. Furthermore, adding an inert gas into a
liquid-liquid flow in microreactors can lead to a beneficial
flow pattern change. For example, liquid-liquid systems in
microreactors usually tend to form parallel flow under rela-
tively large flow rates, which significantly reduces the inter-
facial area compared to slug flow. After introducing the inert
gas, the shear force exerted by the gas bubbles could force the
parallel flow to break into separate droplets, and thus a stable
gas-liquid-liquid slug flow could be obtained under relatively
higher total liquid flow rates [52].
Another hydrodynamic function of the inert gas addition
is to prevent droplet merging in microreactors [32, 67]. For
example, Cech et al. [32] conducted the enzymatic hydroly-
sis of soybean oil to biodiesel in PTFE capillary
microreactors (inner diameter: 0.5 and 0.75 mm), by dispers-
ing the aqueous solution containing T. lanuginosus lipase
and phosphate buffer as small droplets into the crude soy-
bean oil as the continuous carrier. The enzymatic reaction
occurred at the liquid-liquid interface, where the chemical
compositions and interfacial properties changed during the
course of the reaction, leading to unstable liquid-liquid inter-
faces. As a result, severe droplet coalescence took place at
the outlet of the microreactor when performing reaction in
the liquid-liquid two-phase system (Fig. 7). The addition of
an inert gas (i.e., nitrogen) limited the droplet coalescence
within the space between the adjacent bubbles, and therefore
provided a stable uniform flow pattern through the
microchannel (Fig. 7). Besides, the availability of the
aqueous-oil interface was increased in three-phase flow com-
pared to its two-phase counterpart, because droplets ap-
peared to be smaller in three-phase flow (which enabled a
large oil flow rate between the droplet and the channel wall).
This, plus the agitation of gas bubbles, created intensive
convection in the liquid region over the whole droplet inter-
face. As a result, the gas-liquid-liquid three-phase flow op-
eration in the microreactor yielded comparable or even better
conversions than its liquid-liquid counterpart, though the
residence time was substantially reduced. Moreover, the
presence of gas bubbles was found to facilitate the
temperature-sensitive reactions towards achieving higher re-
action conversions and selectivities. Zhang et al. [36] per-
formed the Beckmann rearrangement of cyclohexanone ox-
ime in oleum (an important step in manufacturing ε-
caprolactam as the monomer of nylon-6) in a PTFE capillary
microreactor (inner diameter: 1.8 mm) coupled with an inlet
micromixer. The reaction was performed using cyclohexa-
none oxime dissolved in n-octane as the continuous phase
with oleum and nitrogen (if present) as the dispersed phase.
Due to the strongly exothermic nature of the reaction, side
reactions like carbonization are easily triggered resulting in
local hotspots. An obvious increase of the target product
(i.e., ε-caprolactam) was observed after the gas addition into
the original liquid-liquid system in the microreactor, because
bubbles created a large evaporation space to take away the
reaction heat. This results in an evener temperature distribu-
tion and more uniform rearrangement mixtures among unit
cells, which in turn yielded narrowed viscosity distribution
(Fig. 8a) and less droplet coalescence (Fig. 8b). Meanwhile,
the overall liquid-liquid mass transfer rate was accelerated by
1.5–3.8 times in three-phase microflow compared to the two-
phase system, which further improved the reaction
performance.
It should be noted that the addition of an inert gas does not
always lead to a regular three-phase flow regime, mass/heat
transfer intensification or better reaction performance. Aoki
et al. [52] demonstrated that three-phase flow tended to be
unstable under too low gas void fractions, and an optimum
void fraction of 0.1 was proposed under their operating con-
ditions. Assmann et al. [40] reported that no noticeable mass
transfer intensification was observed under low gas veloci-
ties (< 0.08 m/s) in a microchannel (0.3 mm in width), and
the liquid-liquid extraction results were comparable in both
three-phase and two-phase microflows at residence times on
the magnitude of seconds. This is because bubbles were
tightly attached to droplets (Fig. 9a) in their flow pattern,
which largely limited the motion space of bubbles and thus
the agitation effect. Interestingly, even if initially discrete
bubbles and droplets were present (Fig. 9b (1)), they usually
ended up with bubble-droplet clusters (Fig. 9b (2), named
according to the arrangement of bubbles/droplets along the
flow direction) or droplet-bubble clusters (Fig. 9b (3)) after
collision along the microchannel. Considering the positive
correlation between the motion velocity of bubbles/droplets
and the capillary number [68, 69], one may expect that drop-
lets move faster than bubbles (due to usually a lower liquid-
liquid interfacial tension compared to that for gas-liquid
case) and thus droplet-bubble clusters are expected to be
more prevalent. However, the bubble/droplet collision con-
figurations are subject to other factors as well, such as chan-
nel materials, flow ratios, bubble/droplet generation mecha-
nisms and surfactant concentrations [70–72]. In fact, bubble-
droplet clusters were also observed in many cases [12, 52,
70]. The draining of the continuous phase between bubbles
and droplets often leads to flattened droplet caps (Fig. 9b)
[14, 49], which may disable the bubble/droplet caps from
reaction if the continuous phase was reactive and totally
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drained out. The effect of the bubble-droplet cluster config-
uration on the reaction performance was demonstrated by
Ufer et al. [35], who carried out the catalytic transfer hydro-
genation of m-nitrotoluene to m-toluidine in a 20 m long
capillary microreactor (inner diameter: 1.6 mm). The aque-
ous potassium formate solution (hydrogen source) was dis-
persed in the continuous toluene phase containing the dis-
solved substrate nitrotoluene. 10 wt.% palladium on carbon
Fig. 7 Liquid-liquid interfacial
areas (denoted as a in the figure)
and phase dispersions at the inlet
and outlet of a capillary
microreactor, without and with
inert gas addition [32]
Fig. 8 Beckmann rearrangement of cyclohexanone oxime with inert gas agitation in a PTFE capillary microreactor [36]. a Viscosity of rearrangement
mixtures. b Schematic (upper) and photo (lower) of the three-phase flow pattern in the microreactor
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particles were suspended in the organic phase as catalyst.
After adding nitrogen bubbles, the substrate conversion
was surprisingly decreased compared to the liquid-liquid op-
eration, with residence times ranging from 15 to 35 min.
More importantly, the reduction in the substrate conversion
under three-phase slug flow with bubble-droplet clusters was
much higher than that with droplet-bubble clusters (Fig. 9c).
This is because catalytic particles mainly aggregated at the
rear cap of droplets (observed in the liquid-liquid two-phase
microflow). According to this, the catalyst distribution with
gas addition (i.e., three-phase flow) was proposed as shown
in Fig. 9b. When bubble-droplet clusters were formed (Fig.
9b (2)), the catalyst concentration around the rear end of the
aqueous droplet was evidently reduced, while that around the
front end was already relatively low. As a result, the corre-
sponding reaction performance was largely decreased (Fig.
9c, the third entry). However, in the case of droplet-bubble
clusters, the rear end of droplets were still exposed to highly
concentrated catalysts (Fig. 9b (3)), which led to a higher
conversion (Fig. 9c, the second entry) than that in the former
case. These results highlight the significance of bubble-
droplet collision configurations on the mass transfer and re-
action performance in three-phase microflow, and thus de-
serves much research attention.
Fig. 9 Schematics of the relative
positions between bubbles and
droplets in gas-liquid-liquid slug
flow. a Tightly attached bubbles/
droplets. In b, the sub-figure (1)
represents discrete bubbles/
droplets as well as its possible
collision configuration, the sub-
figure (2) is for bubble-droplet
clusters and (3) droplet-bubble
clusters. The fluids flow from left
to right, and the Pd/C catalyst
particle distribution in the contin-
uous phase refers to the work of
Ufer et al. [35]. c Conversion of
m-nitrotoluene in gas-liquid-
liquid slug flow with different
collision configurations [35]
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Nanoparticle synthesis
Solid handling is usually a challenge in a microreactor that
is susceptible to clogging because of the small dimension.
This problem can be well addressed by isolating the solid
from the microchannel wall via its accommodation into
droplets, and further using bubbles to separate droplets
thus avoiding droplet merging and solid aggregation [11,
30]. Furthermore, bubbles can also function as an excellent
mitigator in mixing the designated fluids. The latter has
been shown to be crucial in processes when a stepwise
mixing of homogeneous solutions is need (e.g., in the prep-
aration of palladium nanoparticles (PdNPs) [37]), and
when the regents need to be mixed in the same droplet
instead of creating a new droplet in the course of injection
[38]. However, the creation of a new droplet is strongly
subjected to bubbles from the upstream flow [13, 14, 72,
73]. As shown in Fig. 10a, when the upstream bubble is too
long, a new droplet of the injected liquid feed will be
formed between two daughter bubbles of non-uniform
sizes. When bubbles are too small and the continuous
phase slugs are too long, extra free-ruptured droplets
would be generated (Fig. 10c) [14, 49, 50]. Only when
the droplets are cut off by gas-liquid interface (i.e., alter-
nate and uniform bubbles and droplets can be formed
downstream, as shown in Fig. 10b) [14, 49, 50, 73], new
droplet formation will be avoided. In this way, a precise
mixing during multistep injections is possible (Figs. 11a-
b). Following this principle, Wong et al. [37] achieved a
~10 L per day volumetric productivity of catalytically ac-
tive PdNPs in a single capillary microreactor, with a robust
and continuous operation. They first dispersed the Pd pre-
cursor solution as droplets into a carrier phase (fluorinated
oil), then separated the droplets by the addition of N2 bub-
bles, and finally mixed a newly fed NaBH4 solution with
the previous droplets (Fig. 11c). This mixing part was re-
alized in a small capillary (inner diameter: 0.5 mm) for the
sake of controllability over a fine dispersion, after which
the fluids were introduced into a larger capillary (inner
diameter: 1.6 mm) for precipitation. The PdNPs synthe-
sized in the gas-liquid-liquid microreactor system present-
ed not only a smaller mean size (2.3 ± 0.3 nm) compared
with the batch counterpart (3.4 ± 0.9 nm), but also a
narrower particle size distribution. Besides, the synthe-
sized PdNPs in three-phase microflow showed a better
consistency towards particle size after 6-h run during 1-
hexene hydrogenation under triphasic flow, and higher cat-
alytic activities (substrate conversion of 77% vs. 48% for
batch-synthesized particles). This work highlights the ap-
pealing controllability of gas-liquid-liquid microreactors in
phase dispersion and promising applications in solid-
involving processes [53, 74]. Besides, gas-liquid-liquid
microreactors also serve as a promising tool for nanoparti-
cle synthesis with gas-liquid reactions, such as using CO
reactive gas to reduce precursors and form Pt nanoparticles
in aqueous droplets that are dispersed in a continuous oil
phase [44]. In addition, hollow particles were also fre-
quently synthesized in microreactors, but usually with so-
phisticated flow-focusing devices (interested readers are
referred to the recent review of Chen et al. [19]).
Fig. 10 Three droplet formation mechanisms at a T-junction under the
oil-gas-water (O-G-W) fluid injection sequence. Droplets could be cut off
by a the bubble body and b the gas-oil interface, or c squeezed off by the
continuous phase [14]. In a–c, the left sketches develop into the right ones
after a certain time interval
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Future perspectives
Scale-up methods have been developed to narrow the gap
between the limited throughput in a single microreactor unit
and the production need in the industry. Numbering up via a
simple replication of basic microreactor units is the most
known scale-up strategy. When it comes to gas-liquid-liquid
flow, Yap et al. [31] have developed an 8-fold parallelized
network for the continuous hydrogenation of nitrobenzene
(catalyzed by platinum nanoparticles: PtNPs) under three-
phase slug flow in capillary microreactors. In this network,
regents were respectively distributed into 8 identical branches,
and then mixed by T-junctions into each single microchannel
where the reaction took place. An R1-C-R2 schema (R1
represents a narrow diameter tube with rigid walls as the flu-
idic resistor, C is a relatively large diameter tube with flexible
walls as the fluidic capacitor, R2 stands for all channels at the
downstream of the fluidic capacitor; see Fig. 12a) was used to
stabilize the pressure and flow fluctuations caused by periodic
bubble/droplet generation into the reaction microchannel. An
optimized performance was obtained when the flow resistance
of R1 equals to that of the capillary section R2. With an extra
pump and a reservoir, the network realized the complete on-
line recovery and recycle of the catalyst (Fig. 12b). Besides,
Karan and Khan [11] demonstrated that by increasing the
inner diameter of the capillary microreactor, mass transfer rate
could be still reasonably intensified and the throughput of a
single microreactor unit could be substantially raised (e.g., up
Fig. 11 Direct injection of
reagents into droplets within gas-
liquid-liquid slug flow in the
microreactor. a Schematic and b a
sequence of photos showing the
principle according to the work of
Nightingale et al. [38]. c The ap-
plication in the synthesis of
PdNPs [37]
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Fig. 12 Scale-up of gas-liquid-liquid microreactors for nanoparticle-
catalyzed hydrogenations [31]. a The R1-C-R2 schema to stabilize gas-
liquid-liquid there-phase flow from fluctuations. b Schematic of the
triphasic flow microreactor system for continuous catalyst recycling in
the PtNPs-catalyzed hydrogenation of nitrobenzene. Inset illustrates the
formation of triphasic flow in each microreactor
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to 150 times higher when the diameter was increased from
1 mm to 3.2 mm). These explorations have laid the ground-
work for the application of gas-liquid-liquid microreactors to
meet production needs at the industrial scale. However, it must
be admitted that due to the rather complex flow phenomena
involved (e.g., the presence of bubbles and droplets in one
flow), a precise manipulation across a multitude of parallel
microchannel networks towards the optimized performance
of the enlarged microreactor system remains a non-trivial task.
Promising applications
Although limited research progress has been demonstrated so far
in the use of gas-liquid-liquid microreactors for performing effi-
cient reaction processes, many potential applications are envis-
aged in this field. Gas-liquid-liquid reactions like hydrogenation
(in the presence of either homogeneous or heterogeneous nano-
particle catalysts) have been shown with improved performance
via flow processing in microreactors [11, 30]. Similarly, triphasic
hydroformylation and carbonylation reactions of industrial rele-
vance are promising candidates that can also benefit from such
microreactor operation. Interestingly, gas-liquid-liquid flow is
also relevant to biodiesel production in microreactors. For exam-
ple, Sun et al. [34] studied the transesterification of cottonseed oil
with base catalyst KOH dissolved in methanol under 60–80 °C
in a stainless steel capillary microreactor (inner diameter:
0.6 mm) to produce fatty acid methyl ester (FAME) as an alter-
native and biobased transportation fuel. The system pressure
decreased from 0.8 MPa at the microreactor inlet to 0.1 MPa at
the outlet and bubbles appeared at 70 °C (Fig. 13). The in-situ
generated bubbles worked as additional agitators and further
intensified the mass transfer between methanol and oil phases,
but also made the gas-liquid or liquid-liquid interfacial area too
difficult to quantify. From this perspective, addition of inert bub-
bles into the system before the reaction start would help to ‘or-
ganize’ the evaporated gas phase and improve the process con-
trollability. The above findings also indicate that a good under-
standing of gas-liquid-liquid microreactors in terms of transport
and reaction characteristics would help to optimize the
microreactor performance in the promising biodiesel production.
Regarding reaction-extraction coupling, gas-liquid-liquid
flow processing in microreactors opens a new avenue for the
valorization of biomass and its derivatives towards the produc-
tion of biobased chemicals. Two promising examples include
the glucose oxidation to formic acid (a widely used commodity
chemical in the chemical, agricultural, textile, leather, pharma-
ceutical and rubber industries) and lignin oxidation to vanillin (a
flavoring agent with a wide range of applications in food indus-
try and perfumery). The oxidation of glucose (readily available
from biomass, e.g., via cellulose hydrolysis) using molecular
oxygen could reach a formic acid yield (ca. 50–60%) undermild
reaction conditions (e.g., 363 K, 20–30 bar O2 pressure,
H8[PV5MO7O40] as homogeneous polyoxometalate catalyst in
the aqueous phase [75]). Reichert et al. [76] reported that via
coupling the aqueous phase reaction with the in-situ organic
phase (e.g., 1-hexanol) extraction of formic acid, the formic acid
yield could be increased to 85% over reaction conditions men-
tioned above, due to the in-situ extraction avoiding pH decrease
in the aqueous phase that is detrimental for the formic acid
selectivity. Liu et al. [77] reported that the yield of vanillin
synthesized from the oxidation of lignin (the third major com-
ponent of lignocellulosic biomass) under 175 °C and 30 bar O2
pressure could be improved up to 10%–14% by the reaction-
extraction coupling which minimized the vanillin over-
oxidation in the aqueous phase, with CuSO4 as catalyst dis-
solved in mixed phosphate solvent and MIBK as extractant.
Both reaction results were reported in conventional reactor
setups. A switch to gas-liquid-liquid microreactors may offer a
number of opportunities for the intensification of both reactions
towards obtaining the enhanced product yield, given the mass
transfer intensification potential (e.g., fast reactant transport and
product extraction rates) and the precise flowmanipulation (e.g.,
residence time control for a desired product selectivity).
Inert gas assisted liquid-liquid physical extraction has been
demonstrated in microreactors [22, 39] for improved process
efficiency, and an extension to the reactive extraction case is a
logic next step. In this regard, the reactive extraction of biobased
organic acids is particularly interesting. For example, liquid-
liquid extraction under slug flow in microreactors has been
shown to efficiently extract lactic acid (an important biobased
chemical used for the commercial production of bioplastics) from
the aqueous phase using tri-n-octylamine (TOA) as extractant in
n-octanol, which represents an attractive alternative for the isola-
tion of lactic acid from fermentation broths [15]. The addition of
an inert gas to further assist such reactive extraction in
microreactors is expected to bring additional benefits in the over-
all efficiency increase as well as the reduced use of organic
solvent, thus leading to a more sustainable process.
Summarized outlook
Gas-liquid-liquid three-phase systems in microreactors have
shown promising applications in the intensification of various
reaction processes, including among others triphasic reactions
(using either homogeneous or heterogeneous catalysts), the
coupling between a gas-liquid reaction and the in-situ liquid-
liquid extraction, inert gas assisted liquid-liquid reactions and
particle synthesis under three-phase flow. Microreactors are
able to well control the three-phase flow patterns (e.g., typically
gas-liquid-liquid slug flow) and provide substantially enhanced
(gas-liquid and/or liquid-liquid) mass transfer rates, which al-
lows the reaction system performance to be further improved
and optimized compared with their macroscale counterparts.
There are still many knowledge gaps that remain to be filled in
order to realize a precise manipulation of gas-liquid-liquid three-
phase flow inmicroreactors towards their promising applications.
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A good understanding into the microreactor system performance
highly relies on an in-depth knowledge of the underlying hydro-
dynamics and the associated mass transfer property, which is
currently still not largely available. Due to the high analogy be-
tween two-phase (gas-liquid or liquid-liquid) and three-phase
(gas-liquid-liquid) microflows [17], the established transport
knowledge in the former case certainly sheds important light
herein. It is thus expected that the balance among interfacial,
inertial and viscous forces also plays an important role in deter-
mining the phase dispersion within three-phase flow through
microreactors [13, 23, 43, 50, 53, 54]. This implies that for de-
signing and studying three-phase microflow, some important pa-
rameters (e.g., capillary number, Weber number and Reynolds
number, the phase flow rate ratios) deserve much research atten-
tion [18, 50]. When it comes to three-phase mass transfer char-
acterization in microreactors, dimensionless numbers to consider
under study include among others Sherwood and Schmidt num-
bers [42], and the development of a reasonable mass transfer
correlation should be preferably based on a mechanistic under-
standing into the innermass transfer details [12, 15] (e.g., in terms
of the transport within bubbles/droplets/liquid slugs and at inter-
faces). Moreover, the scale-up of gas-liquid-liquid microreactors
to meet the industrial production need is not a trivial task, espe-
cially when a large number of parallelized microchannel net-
works are present given the usual presence of multiple droplets
and bubbles in one flow. Thus, substantial research efforts are
required in order to address this challenge as well.
So far, somewhat limited research progress has been dem-
onstrated regarding the use of gas-liquid-liquid microreactors
for carrying out efficient reaction processes. Nevertheless, it is
envisaged that the industry would welcome this emerging tech-
nology, as on one hand gas-liquid-liquid flow processing in
microreactors opens a number of opportunities to perform
various triphasic reactions that are of industrial relevance (like
hydrogenation, hydroformylation) and on the other hand it
opens a new avenue for the valorisation of biomass towards
value-added chemicals and fuels synthesis (e.g., via an efficient
reaction-extraction coupling for the selective oxidation of glu-
cose or lignin) that facilitates the transition to a biorefinery.
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